Nano-sized silicon is a potential high energy density anode material for lithium ion batteries. However, the practical use of a nano-Si anode is still challenging due to its low coulombic efficiency, poor scalability and cycling stability. Herein, a Si/graphite/carbon (Si-G/C) composite with a core-shell structure was fabricated by a facile two-step chemical process, stirring-evaporating followed by heat treatment. The composite structure consists of a graphite core, coated first by silicon and then amorphous carbon, which was decomposed by pitch. The as-prepared Si-G/C composite anode demonstrates a first cycle capacity of about 650 mA h g À1 , over 90% coulombic efficiency, and high capacity retention of 96.7% after 50
Introduction
With the increasing demands for powering mobile and electric vehicles for long life driving, there has been extensive research on the development of new materials for high energy density and long life lithium ion batteries (LIBs). Silicon (Si) has been regarded as one of the most promising anode materials for the nextgeneration lithium ion battery, due to its high theoretical specic capacity ($4200 mA h g À1 ) and abundance on earth.
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However, there are several scientic and technical challenges for Si anodes, [4] [5] [6] [7] such as the huge volume change during lithium insertion, which is up to 300%. The stress induced by the volume change leads to cracks and pulverization of silicon, and peeling off the electrodes, nally accompanied by irreversible capacity loss. Another challenge for Si anodes is the relatively low coulombic efficiency, which is related to the unstable solid electrolyte interface (SEI). The repetitive volume expansion and contraction constantly shi the interface between Si and the electrolyte, preventing the formation of a stable SEI. 8, 9 Besides, Si anodes always require good electrical contact between Si material and the current collector during lithium insertion and extraction.
Many studies have demonstrated that using nano-structured Si materials, [10] [11] [12] [13] [14] [32] [33] [34] such as nano-particles, 32 nanowires, and nanotubes, would be effective ways to solve the problems above by relieving strain. Among them, Si nanoparticles are the most promising and show excellent performance, and the synthesis of Si nanoparticles is relatively cheap and scalable compared with other Si nano-structures. 15 Si nanoparticles have been industrialized for a few years, regardless of their relative high cost compared to graphite. 16 As for the practical application of silicon, it demands some important characteristics, such as low cost, acceptable capacity (400-1000 mA h g À1 ), and high coulombic efficiency (CE) during cycles. 17 The requirement of high CE is very important especially when the silicon anode was used in the full cell (e.g., LiCoO 2 versus Si-C). 18 The rst coulombic efficiency (ICE) of anode materials should be as high as possible, otherwise it will consume Li + provided by the cathode in practical application, which leads to the unstable cycle performance. 19 Among all the anode materials, graphite shows the highest rst coulombic efficiency (92-94%), [20] [21] [22] thus combining of silicon and graphite is an effective way to realize the high coulombic efficiency. In the Sigraphite composite, the graphite offers high electrical conductivity to the electrode components and enhances the initial coulombic efficiency while mitigating the electrode volume expansion. A lot of Si-G/C composites [23] [24] [25] [26] [27] [28] [29] have been applied as industrial anode materials. Min Li et al. 23 reported a core-shell structure Si-G-C composite synthesized by spray-drying/pyrolysis synthesis, which demonstrated an initial capacity of 723.8 mA h g À1 and a reversible capacity of approximately 600 mA h g À1 for 100 cycles. Y. N. Jo et al. 27 reported a Si-G/C composite fabricated by a mechanical milling, which delivered a reversible specic capacity of 655 mA h g À1 with a high rst cycle CE of 86%. However, the rst coulombic efficiency and the cycle performance of Si-G/C composites still remains a challenge, for example, the rst CE of Si-G/C composite should be higher than 90% to satisfy industrial applications. Herein, we introduced a new and scalable way to synthesize Si-G/C anode materials with moderate capacity ($650 mA h g À1 ) and high rst CE (90.6%). The Si-G/C composites were prepared by a evaporating and heat treatment process. With the optimized structure, the surface area of Si-G/C composite was decreased to from 18.6 to 4.8 m 2 g
À1
. Both the graphite and silicon served as the active components of the anode, while the carbon layer produced from the organic carbon source acting as a barrier to prevent silicon from direct contact with electrolyte. As a result, the Si-G/C composite demonstrated excellent reversible capacity and capacity retention of 81% even aer 1200 cycles in the full cell.
Experiment

Synthesis of Si-G/C composite
The preparation procedure for the high coulombic efficiency Si-G/C material was illustrated in Scheme 1. Firstly, nano-Si particles and polyvinyl pyrrolidone (PVP) were mixed together in ethanol under violent agitation for 1 h to form a homogeneous suspension. Then, graphite and pitch were added into the solution slowly. The resulting colloid was dried to form a Si/ graphite precursor under continuous stirring at the temperature of 80 C. Aer the evaporating process, the production was collected and then put into a fusion machine to form spheres. For carbon coating of the Si-G precursors, the Si/graphite precursors were put into a furnace, and then they were heated at 900 C for 3 hours under a gas of N 2 to obtain Si-G/C composites. To achieve different carbon content (marked as sample A, B and C), the content of the amorphous carbon layer was optimized by controlling the additive amount of pitch.
Materials characterization
The crystal structure, cross-sectional morphology and microstructure of the as-prepared Si-G/C composites were characterized by X-ray diffraction (XRD: PANalyticalX'Pert PRO, Cu/Ka radiation, 1.5406 nm), scanning electron microscopy (SEM: Hitachi S4800) and transmission electron microscopy (TEM: JEM-2100HR). The carbon content in the composites was determined by TGA method.
Electrochemical test
Cyclic volumetric measurements were carried out using a scan rate of 0.1 mV s
À1
. The cell was assembled in the Braun glove box. The charge-discharge performance of the cells was tested in a voltage range of 0.001-1.5 V vs. Li/Li + as a constant current of 500 mA g À1 . The electrode was made by mixing 80% Si-G/C composite, 10% Super P as the conducting agent and 10% LA132 as the binder. The electrode slurry was dispersed and spread onto copper foil. Aer dried at 100 C in vacuum, the copper foil was pressed and punched. CR2016 cells were assembled in an Ar-lled glove box using 1 M LiPF 6 in a mixture of EC/DEC/EMC (1 : 1 : 1 by volume) as the electrolyte, using Celgard-2400 as the separator, and metallic lithium foil as the counter and reference electrode. The anode material of the full cell was designed to a capacity of 480 mA h g À1 using the synthesized Si-G/C material mixed with graphite. The full cell performance of Si-G/C was characterized by paring with a NCA cathode (LiNi 0.815 Co 0.1 Al 0.05 O 2 ) with a designed cell capacity of 3000 mA h. The N/P ratio, dened by total capacity ratio between anode and cathode was chosen to be 1.05 : 1.
Results and discussion
Design principle
In order to implement Si into full cells for practical application, they are expected to possess several aspects as follows:
(1) Higher specic capacity than graphite with long cycle life. The high energy density requirement is motivated by the electric vehicles. Nowadays, an anode with 5-10% Si blended with graphite has already been used in industry. Actually, the content of Si in the anode materials used in the companies was hardly higher than 10%. Form this point of view, the theoretical maximum capacity of a-moderate anode capacity was about 700-800 mA h g À1 , which calculated as follows:
In the practical lithium ion batteries, volume deformation for device has limitation; usually, it should be not more than 20%. 31 As mentioned in the ref. 30 , the maximum electrode swelling for such anode was 13.2%, which is slightly higher than graphite (8%). Low electrode swelling is conducive to longlife cell cycle life, especially in the full cell. The content of silicon (Si%) in the designed composite should be controlled around $10%.
(2) High coulombic efficiency requirement. For practical application, coulombic efficiency is a key factor to inuence the cycle performance. Based on the theoretical calculation, 31 coulombic efficiency should be higher than 99.95% to achieve long cyclic performance of 400 cycles with 80% retention. The coulombic efficiency (CE) of Si is not satised due to the unstable SEI lm. A surface modication of nano-Si is necessary. In the other hand, the CE of the composite is determined by the host materials used in the composite. From this point of view, high coulombic efficiency graphite is used as the core, which is conductive to achieve high coulombic efficiency.
(3) Low cost. One of the most important factors for practical application is the cost of the anode materials. As for the Si-G/C, graphite is a commercial material. Nano-Si is an expensive raw material compared with graphite, but due to the low content used in the composite, the cost of nano-Si is decreased. For instance, the cost of commercial graphite is $10 $ per kg. By comparison, the cost of nano-Si is ten times higher than graphite. However, with only #10% additive, the cost of nano-Si is comparative to graphite. Such cost is acceptable for commercial application.
According to these considerations, graphite is chosen as the host materials, while nano-Si serves as additive. The structure of the composite was optimized.
Morphologies and characterization of the samples
The XRD patterns of the nano-Si, graphite and as-prepared composite were showed in the Fig. 1 . The peaks in the patterns at 28, 47, 56, 69 and 76 degree could be well matched with the diffraction pattern of the crystal Si (JCPDS card no. 27-1402). For the graphite pattern, strong peaks around at 20-30, 45-50 and 55 degree can be found, which represented the two hexagonal phases. The diffraction peaks of the as-prepared composite were indexed based on a mixture of graphite and silicon crystalline phase. The strong peak at 26.5 degree is belonging to the graphite. The weak intensity of the silicon diffraction peaks in the composite was due to the relatively low content of silicon. No peaks corresponding to SiC were detected, suggesting chemical reaction between Si and carbon were not happened during the thermal treatment.
To further verify the co-presence of Si, graphite and amorphous carbon in the composite, the Raman spectroscopy was carried out, as shown in Fig. 2 . As can be seen, the Raman spectrum of nano-Si demonstrated a main sharp adsorption band at a Raman shi around 515 cm À1 , with another two weak peaks at $295 and $950 cm À1 , while the graphite showed two characteristic bands around 1350 and 1601 cm À1 , which were Fig. 1 The XRD patterns of nano-Si, graphite, and Si-G/C composite. Fig. 2 The Raman spectrums of nano-Si, graphite, and Si-G/C composites.
attributed to the D band and G band, respectively. The ratio of the integrated area of the D band and G band (R ¼ I D /I G ) reects the graphitization degree of the samples. The value of the R was as low as 0.35, suggesting a high degree of graphitization. Three Raman shis were observed for the as-prepared composite. Meanwhile, the intensity of the D band in the composite was enhanced compared to the pure graphite, suggesting the increased disorder of the carbon in the composite, which was due to the deposited carbon from pitch. The morphologies of the samples were observed by SEM and TEM. Fig. 3a and b showed typical TEM images of the silicon nanoparticles. The particles were around 30-50 nm in diameter and aggregated due to the high surface energy. According to the HRTEM image, it was evident that the Si nanoparticles were coated with a thin layer of silicon dioxide because of natural oxidation in the air. The spacing calculated from the HRTEM was 0.315 nm, representing the Si(111) plane, which was consist with other report. 28 The graphite had an irregular shape with a large size up to 3-6 mm (Fig. 3c) . As for the composite, the main particles showed a larger particulate shape with much rougher surface compared to the graphite, and the size of the composite was 8-15 mm as shown in the Fig. 3e .
To further investigate the structure, a cross prole of the Si-G/C composite was prepared, as shown in Fig. 4 . Clearly, a coreshell structure was presented which composed of a core and an amorphous carbon shell. Through EDS mapping analysis ( Fig. 4c and S2 †) , it was conrmed that the coating layer was carbon on the nano-Si layer (Fig. 4b) . Over the core surface, a narrow shell with several hundred of nanometer was observed, which was identied as the silicon layer according to the EDS mapping result. The carbon coating layer was uniformly formed on the outmost surface of the nano-Si layer, where the thickness of the amorphous carbon was 100-500 nm. The Si layer on the inner pores of Si-G/C possessed sufficient room for Si volume expansion during the lithiation, which can improve the cycling performance. And also, the post-coated dense carbon layer decreased the specic surface area of the particles resulting in enhanced cycling efficiency.
Electrochemical performance of Si-G/C electrodes
The as-prepared core-shell structured composite was used as an anode material in the lithium ion battery. Fig. 5a presented the typical voltage vs. capacity curves of nano-Si, graphite and the composite sample A at a current density of 0.5 A g À1 between 0.001 and 1.5 V. As can be seen, the specic reversible capacity of the three composite was 1768, 719 and 355 mA h g À1 , respectively. The charge and discharge capacity of nano-Si were 1767 and 2326 mA h g À1 , indicating low rst coulombic efficiency (ICE) of 76%. At the same time, the ICE of the graphite was $93%, whose charge and discharge capacity were 355 and 381 mA h g À1 . Compared with the graphite and nano-Si, the Si-G/C presented a moderate discharge capacity of 820.8 mA h g À1 due to the low content of silicon, but the rst coulombic efficiency increased from 76% to 87.6% with a reversible capacity of 719 mA h g
À1
. The rst coulombic efficiency of the Si-based anode was enhanced by the graphite core.
To further optimize the capacity and the rst coulombic efficiency of Si-G/C, a series of carbon layer with different coated-thickness were carried out by controlling the experimental conditions. Fig. 4b illustrated the rst discharge-charge curves of the composite with different carbon contents. As shown in Fig. 4b , the carbon content of the sample A, B and C was 10.5%, 21.9% and 34.3%, respectively (calculated by the TGA analysis, shown in the ESI Table S2 †). The three samples delivered a discharge capacity of 820.8, 784 and 759.2 mA h g À1 and a charge capacity of 719, 693.8 and 687.7 mA h g À1 at a current of 0.5 A g
, indicating a high CE of 87.6%, 88.5%, and 90.6%, respectively. It is obvious that the initial efficiency was great affected by the amorphous carbon coating. The BET surfaces of the sample A, B and C were 18.8, 8.2 and 4.8 m 2 g À1 , respectively (shown in Table S1 †). A thinker carbon layer would lead to a higher ICE, since thicker carbon layer resulted denser surface coating, thus the state of the interface between the composite and the electrolyte was enhanced, resulting in less irreversibly capacity loss. At the same time, the composites resulted in lower capacity because of the higher content of carbon and the lower theoretical capacity of carbon. Furthermore, the swelling of the Si-G/C electrode was demonstrated by cross-section scanning electron microscopy images of the electrodes before and aer cycling, showed in the Fig. S3 . † As can be seen, the thickness of the layer before cycled was around 38.8 mm, while it was $48.7 mm aer 50 cycle number. The end of life swelling (aer 50 cycles) is $25.5%, which was very promising for practical applications. Fig. 5c showed the cycling performance of the three samples with different carbon content at a current of 1 A g À1 . All the samples presented stable cycling stability. As shown in the patterns, aer 50 cycles at a current of 1 A g À1 , the capacity retention of sample A, B, and C were 93%, 95.6% and 96.7%, respectively. It was apparent that the as fabricated Si-G/C with thicker amorphous carbon maintains better cycling stability, which was due to the stronger function of the amorphous carbon. The amorphous carbon layer could not only prevent silicon particles from directly contacting with electrolyte to form a stable SEI lm, but also act as an buffer layer to release the huge expansion produced by silicon.
More exciting results were obtained for the electrode kinetics of the sample C electrodes when their charge current densities were increased from 1C to 10C (1C ¼ 1000 mA h g À1 ). For current densities of 1C, 2C, 5C and 10C, the charge capacity of the electrode was 650, 625, 511 and 460 mA h g À1 , respectively. Furthermore, to investigate the commercial viability, a full cell using the individual graphite blended samples as the anodes was assembled to evaluate the battery performance in the potential rang of 2.7-4.2 V at room temperature. We adopted the NCA as the cathode material due to its high capacity. With this high capacity cathode, the full cells can be evaluated under higher capacity and higher energy density condition. In Fig. 6a, it showed that the full cell delivers a cell capacity $3000 mA h. High cycling CE is commonly regarded as an important factor in the full-cell system, since the CE affects the available capacity of the practicable cell. Fig. 6b demonstrated a prolonged cycling performance of the full cell for 1200 cycles. As can be seen, the Si-G/C anode based cell exhibited 81% capacity retention even aer 1200 cycles. To interpret the excellent cycling behaviour, a lot of reversible cycling CE are provided in the Fig. 6c . As shown in the gure, the Si-G/C exhibited high initial CE with a rapid increase to exceed 99.5% in only 15 cycles. S. Chae et al. 28 reported that a low initial CE below 99.5% in the rst or subsequent cycles will lead to dramatic capacity degradation in the full cell. In this case, the average efficiency of the full cell was recorded to $99.6% calculated from the rst 100 cycles. In addition, the rate capacity of the full cell was also shown in the Fig. 6d . A 10 times C-rate increased from 0.5C to 5C and it was still retained at $90% of the initial capacity, which implied that the Si-G/C composites also exhibited excellent rate performance.
The excellent electrochemical performance of the composite electrode can be ascribing to the well-designed structure. Firstly, the silicon source used in the composite was Si nanoparticles less than 100 nm, which can prevent the pulverization of Si during Li + insertion and extraction; secondly, the graphitecore framework functioned as an isolated layer to suppress the aggregation of nano-Si, and also it improved the electrical conductivity; thirdly, the carbon layer provided a buffer to accommodate the volume charge during the charge-discharge process, which stabilized the SEI lm during cycling numbers, moreover, the whole carbon shell prevented the exposure of nano-Si from direct contacting with electrolyte; nally, the internal void space (Fig. S5 †) accommodated the huge volume expansion of Si.
Conclusions
In conclusion, to assess the commercial silicon anode materials for the lithium ion battery, we designed a novel Si-G/C material with high CE and moderate capacity. The specic reversible capacity of the Si-G-C composite is 650 mA h g À1 and the rst coulombic efficiency is as high as 90.6%. In addition, the fullcell battery comprising NCA and Si-G/C also demonstrated the high rst cycle CE of 88.9% and a cell capacity of $3000 mA h at the rst formation cycle. The full cell battery with Si-G/ C showed stable cycling behavior with capacity retention of 81% even aer 1200 cycles and the cycling CE exceeded 99.5% aer only 15 of cycles.
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